The duration of the intraerythrocytic cycle of Plasmodium is a key factor in the pathogenicity of this parasite. The simultaneous attack of the host red blood cells by the parasites depends on the synchronicity of their development. Unraveling the signals at the basis of this synchronicity represents a challenging biological question and may be very important to develop alternative strategies for therapeutic approaches. Recently, we reported that the synchrony of Plasmodium is modulated by melatonin, a host hormone that is synthesized only during the dark phases. Here we report that N-acetyl-serotonin, a melatonin precursor, also releases Ca 2+ from isolated P. chabaudi parasites at micro-and nanomolar concentrations and that the release is blocked by 250 mM luzindole, an antagonist of melatonin receptors, and 20 mM U73122, a phospholipase C inhibitor. On the basis of confocal microscopy, we also report the ability of 0.1 µM melatonin and 0.1 µM N-acetyl-serotonin to cross the red blood cell membrane and to mobilize intracellular calcium in parasites previously loaded with the fluorescent calcium indicator Fluo-3 AM. The present data represent a step forward into the understanding of the signal transduction process in the host-parasite relationship by supporting the idea that the host hormone melatonin and N-acetyl-serotonin generate IP 3 and therefore mobilize intracellular Ca 2+ in Plasmodium inside red blood cells.
Introduction
One of the puzzling questions concerning the development of malaria parasites is the search for the molecules which might be involved in signaling processes in a parasite that is not exposed to the extracellular milieu and therefore to body fluids. Processes such as cell cycle progression or arrest, cell mobility, and stage-specific gene expression are all required for parasite development in the intraerythrocytic stage (1) . The parasite maturation process comprises an intraerythrocytic cycle where defined stages known as ring, trophozoite and schizont take place. The beginning of a new stage as well as cell division and synchronicity may require protein synthesis and phosphorylation which are signalmediated processes.
Recent studies on the dynamics of cal-cium in malaria parasites also indicate similarities with mammalian cells, such as the existence of a thapsigargin-sensitive pool in the human malaria parasite Plasmodium falciparum (2) and in the rodent parasite P. chabaudi (3) (4) (5) (6) . In addition to the endoplasmic reticulum Ca 2+ pool, the existence of acidic calcium pools in both parasites indicates that they possess multiple mechanisms to store calcium during their intraerythrocytic developmental stage (6) . The putative signal which might be involved in emptying these Ca 2+ pools in P. chabaudi has been reported to be the second messenger IP 3 , thus suggesting that these parasites utilize a calcium-mediated cell signaling. In this regard, we have reported that the parasite is surrounded by a high calcium environment within the red blood cell (7). We have recently reported that the host hormone melatonin modulates circadian rhythms of malarial parasites by inducing calcium release from their intracellular stores. Melatonin was shown to be a key factor not only for the synchronicity of the maturation process of P. falciparum but also for the development of infection with P. chabaudi (8) .
Melatonin is the hormone synthesized during the dark phase by the pineal gland and is responsible for the transduction of the environmental illumination of several physiological events that change diurnally in vertebrates (9), arthropods (10), higher plants (11) , and dinoflagellates (12) . The dependence of malaria infection on daylight is clear from the fact that changes in the host photoperiod also change the timing of the parasite cell cycle (13) .
In P. chabaudi the rupture of infected blood cells and therefore the reinvasion of new red blood cells occur between midnight and 3:00 am (14, 15) which coincides with the peak of melatonin levels in vertebrates. When mice are submitted to an inverted rhythm, the parasite cycle is also inverted (16) and schizogony occurs around midday (15) . Interestingly, the pineal gland is thought to play a role in mediating photoperiodic control of growth and division synchrony in malaria parasites since pinealectomy in mice abolishes division and synchrony in the rodent malaria parasite P. berghei (13) .
Melatonin and N-acetyl-serotonin (NAS) are thought to induce IP 3 generation in different systems such as hamster melanoma cells (17) , pigeon brain (18), chick brain (19) , and dinoflagellates (20) . The ability of IP 3 to mobilize Ca 2+ from intracellular stores and therefore to trigger many biological processes such as cell division is well known (21) . Therefore, Ca 2+ release by NAS receptor stimulation might play a role in parasite division.
Material and Methods

Parasite maintenance
P. chabaudi (clone F IP-Pc1) was maintained in female mice (BALB/c) by transfer of infection. The procedure for blood collection from mice and platelet removal has been previously described (6) .
Intracellular calcium measurements
Melatonin-and NAS-induced Ca 2+ release in P. chabaudi was determined in intact parasites. For these measurements, isolated parasites obtained from infected red blood cells after saponin lysis were washed twice in buffer A (116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO 4 , 5.5 mM D-glucose, and 50 mM Mops, pH 7.2) and resuspended at 10 8 parasites/ml in the same buffer containing probenecid, an inhibitor of organic anion transport. The procedure for labeling isolated parasites with Fluo-3 was previously described (8) . A similar procedure was performed to load red blood cells infected with P. chabaudi.
All experiments were performed in the presence of protease inhibitors, leupeptin, pepstatin A, antipain and chymostatin at 20 µg/ml and benzamidine at 0.5 mM. Measurements were made at 37ºC with a Hitachi F-4500 spectrofluorimeter (Tokyo, Japan) with emission at 530 nm and excitation at 505 nm and a Zeiss LSM-510 confocal microscope (Oberkochen, Germany) using 488 nm excitation and 550 nm emission wavelength filters. Samples were observed on microscopy plates (MatTek Corp., Ashland, MA, USA) previously incubated with polylysine for 1 h and washed.
Results and Discussion
In the present study, we show that NAS elicits Ca 2+ release from P. chabaudi parasites at the trophozoite stage in a Ca 2+ medium ( Figure 1 ). The amount of Ca 2+ released by 0.1 mM NAS was 130 ± 5 nM (N = 3; Figure 1A ) while melatonin elicited 80 ± 5 nM (N = 3) (8). The agonists still mobilized Ca 2+ in the absence of extracellular Ca 2+ (plus 2 mM EGTA), indicating a mobilization from intracellular stores ( Figure 1B) . A physiological concentration of NAS (10 nM) caused, after a brief lag phase, a slow increase in [Ca 2+ ] i that reached a plateau about 60 ± 10 nM above the prestimulation level ( Figure 1C) . It is worth noting that the kinetics of the rise of [Ca 2+ ] i with supramaximal doses was different from the rise induced by physiological concentrations.
The depletion of the endoplasmic reticulum Ca 2+ pool by thapsigargin, a sarcoendoplasmic Ca 2+ ATPase inhibitor, reduced the Ca 2+ release induced by the addition of 0.1 mM NAS ( Figure 1D ) and 0.1 mM melatonin ( Figure 1E ), suggesting that both hormones induce Ca 2+ release from a thapsigargin-sensitive pool.
Luzindole, an antagonist of melatonin receptors, blocked the NAS-induced Ca 2+ release ( Figure 1F ). In addition, this Ca 2+ release could also be blocked by the phospholipase C inhibitor, U73122 ( Figure 1G ). These data indicate that, in addition to melatonin (8) , its precursor, NAS also stimulates the phospholipase C pathway which leads to Ca 2+ release from the endoplasmic reticulum through a melatonin-binding site that can be blocked by luzindole.
To determine if melatonin and NAS are able to release calcium under physiological conditions, we labeled P. chabaudi-infected red blood cells with the fluorescent calcium indicator Fluo-3 AM and performed experiments similar to those described above. Indeed both 0.1 µM NAS and 0.1 µM melatonin induced a slow increase in Fluo-3 fluorescence, indicating the occurrence of intracellular calcium mobilization (Figure 2A,B) . Since we cannot determine whether calcium was mobilized in the red blood cell cytoplasm or inside the parasite by fluorescence spectrometry, we decided to use a confocal microscope to detect fluorescence only inside the parasite (Figure 2C-J) .
Although malarial parasites are protected from the external medium by at least two membranes, the red blood cell membrane and the parasitophore vacuole (22) , both melatonin and NAS are hydrophobic molecules, which enables them to signal parasites inside red blood cells by mobilizing their intracellular calcium ( Figure 2K,L) .
The results presented here provide new information related to the identification of molecules that might trigger the developmental processes in malaria parasites. We showed that a direct precursor of melatonin, NAS, is also able to mobilize intracellular calcium in Plasmodium.
In addition we showed that both hormones are able to cross at least two membranes, the red blood cell membrane and the parasitophore vacuole, before signaling the parasite. The hydrophobic nature of melatonin and NAS is an essential feature enabling them to act as signaling molecules in parasites that are not directly exposed to the extracellular milieu.
The fact that the host melatonin starts signal transduction pathways in these parasites shows a closer interaction between parasite and host. To adapt to the host, the parasite might utilizes the molecular host machinery for successful division and growth. 
